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It  is  well  known  that  the  presence  of  water  has  a  strong  effect 
on  the  structure  and  property  of  macromolecules.  A  wet  macromolscule 
la  far  fro*  being  the  sans  thing  as  a  dry  one*  Judging  froa  the  curves 
of  sorption  and  desorption  in  proteins  and  nucleic  acids  they  do  not 
behave  as  rigid,  inert  substrata,  but  rather  as  deformable  reactive 
substances  changing  their  structure  under  the  effect  of  water  [l,  2]. 

The  effect  of  water  on  the  macromolecule,  however,  is  not  uni¬ 
lateral  and,  in  turn,  it  la  possible  only  as  the  result  of  change  in 
the  structure  of  the  water  Itself  under  the  action  of  the  macromolacule. 

The  different  groups  in  the  macromolecule  structure  —  polar, 
apolar,  and  charged  —  are  known  to  be  able  to  act  in  different  ways 
on  water  structure  by  raising  or  lowering  its  degree  of  order  [3,  4]. 

The  conformation  of  the  mscromolecules,  however,  is  on  tha  whole  de¬ 
termined  by  the  efficiency  of  the  various  contacts,  l.e.,  tha  condition 
of  minimum  total  free  energy  in  the  system. 

There  are  at  present  great  discrepancies  in  evaluating  the  thermo¬ 
dynamic  effects  of  the  reaction  of  the  different  groups  with  water.  For 
the  most  part  this  Involves  the  apolar  groups,  which  exert  a  strong  order¬ 
ing  effect  on  water  [S]  and  at  the  same  time  occur  in  large  asmunts  in 
macromolecules.  The  varying  estimates  of  the  thermodynamic  character¬ 
istics  of  their  interection  with  water  has  led  to  two  views,  opposed  to 
each  other  in  the  extreme,  of  the  effect  of  mscromolecules  on  water 
end  of  the  factors  deteralnlng  their  conformation. 

According  to  Kausmana  [6]  the  ordering  effect  of  apolar  groups 


on  motor  lo  not  thoroodjmioleally  efficient  and  therefore  the  ascro- 
aolecule  tends  to  adopt  a  compact  confornation  In  which  the  traafeer  of 
centaeto  between  apolar  groups  and  water  is  minimum,  while  at  the 
sane  tins  its  ordering  effect  on  the  water  is  also  nlnlnun. 

The  opposite  view  developed  bp  Kioto  [7-9]  proceeds  frea  the 
asowaptien  that  the  ordering  affect  of  the  apolar  groups  on  aster  is 
thenodynaalcally  effective  and  that  the  aacroaolecule  confornation 
will  be  aoet  stable  which  permit s  the  greatest  ordering  of  the  aster* 
Starting  frea  this  nodal  the  denaturatlon  of  aecraaolecules  represents 
the  destruction  of  extensive  ordered  aster  layers  alongside  the  aacro- 
aolecule  —  the  "netting  of  the  ice-like  framework"  supporting  its 
structure.  In  other  words*  In  this  case  denaturatlon  aust  be  accoa- 
panled  by  reduced  hydration  of  the  aeeroaolecule*  while*  es  according 
to  Kaucaann*  denaturatlon  should  lead  to  heightened  hydration  since  in 
this  process  the  number  of  contacts  between  apolar  groups  and  water 
grows  larger* 

Although  Keusaem's  view  has  recently  became  more  widespread  [10] 
it  still  cannot  be  considered  unquestioned*  and  in  solving  this  problem 
the  start  aust  obviously  be  aade  frea  specific  findings  on  aeeroaolecule 
hydration. 

Hydration  of  Motive  Macroaoleculee 

There  is  at  present  a  great  deal  of  experimental  aaterlal  on  hy¬ 
dration  of  ascroaolacules  since  for  these  purposes  practically  all  the 
aathods  sensitive  to  change  in  state  of  water  have  been  employed. 

The  aaount  of  bound  water  mbs  caloriaetrically  measured  froa  the 
wetting  energies  [ll]*  frea  the  compressibility  by  ultrasonic  sounding 
[12,  13]*  frea  x-ray  dispersion  [U-li]*  frea  the  autodlffuslen  rate  of 

the  aster  [17*  18]*  frea  the  electrical  conductivity  [19]«  and,  finally* 
by  aeons  of  nuclear  aagnetic  resonance  (Its)  [20-26]  and  high-frequency 
permittivity  [27-32]. 

In  the  calculation  of  hydration  conducted  by  different  authors 
in  diverse  ways*  however,  there  are  substantial  discrepancies  indicat¬ 
ing  either  low  sensitivity  of  the  method  or  that  the  measured  quantity 
was  after  all  not  so  directly  connected  with  the  state  of  the  water 
as  alght  sesa  when  proceeding  froa  a  simplified  aodel. 

This  observation  refers  above  all  to  the  INI  method  which  has 
recently  bacons  widespread  and  whose  findings  have  led  different 
anthers  to  completely  opposite  conclusions. 

Jacobson  [20],  for  example*  believes  that  the  INI  method  enabled 
bin  to  oenfirn  the  existence  of  coordinated  water  in  solutions  of  DMA. 
later  In  considerably  improved  Instruments*  however*  it  was  Impossible 
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to  discover  any  convincing  Indications  of  tha  existence  of  bound  water 
in  DMA  solutions  [21,  26].  In  similar  fashion  tha  existence  of  bound 
water  was  shown  by  tha  IMS  method  in  agar  gals  by  Hechter  [22],  but 
Balass  at  al.  [21 J  cami  to  a  negative  result. 

The  sane  say  be  said  also  of  the  data  on  hydration  of  globular 
proteins,  e.g.,  Bovey  [23]  Is  of  tha  opinion  that  serun  albumin  leads 
to  no  appreciable  rise  in  tha  number  of  H  bonds  in  water,  but  the 
authors  of  Reference  25  arrive  at  a  completely  opposite  conclusion 
and  consider  that  in  solutions  of  agg  albumin  (which  In  this  respect 
cannot  be  qualitatively  differentiated  from  serum  albumin)  there  are 
rigidly  bound  water  molecules,  while  in  dene turat Ion  their  number 
even  increases. 

Usually  most  of  the  data  on  NNS  which  might  be  regarded  as  tes- 
tifylng  In  favor  of  tha  existence  of  ordered  water  in  macromolecule 
solutions  may  after  critical  analysis  prove  to  be  merely  artifacts. 

Thus,  the  causa  of  tha  widening  of  the  line  in  macromolecule  solutions 
may  also  be  increased  viscosity  [26]  and  diamagnetic  anisotropy  [21], 
and  even  ferromagnetic  anisotropy  in  tha  case  of  DMA  solutions  [33]. 

The  sensitivity  of  this  method  even  in  tha  most  recent  works  is  caleu- 
lated  at  ST  [26];  therefore  it  la  in  general  not  surprising  that  use 
of  this  method  was  not  even  once  able  to  give  reliable  data  on  water. 

Hydration  estimated  from  the  degree  of  high-frequency  permittiv¬ 
ity  apparently  gives  better  results,  but  the  error  in  determining  the 
quantity  of  bound  water  in  solution  reaches  2X  even  in  this  case  [32]. 

Calorimetry  proved  to  be  particularly  convenient  for  determining 
macromolecule  hydration.  This  method  makes  it  possible  to  ascertain  the 
quantity  of  bound  water  in  solution  with  tha  greatest  possible  accuracy 
at  present  —  0.1SX.  Moreover  this  method  is  the  most  direct,  and 
hence  also  more  unambiguous. 

Tha  basic  Idea  of  the  method,  its  advantages,  and  its  clarity 
become  dear  from  the  following  two  figures  (Figs.  1  and  2)  which  rep¬ 
resent  the  temperature  dependence  of  the  specific  heat  of  1  gram  of 
DMA  and  procollagen  in  the  presence  of  different  amounts  of  water. 

Calorimetric  measurements  were  made  on  an  absoluta  vacuum  adia¬ 
batic  calorimeter  with  a  bulb  of  0.8  cc  volume.  Into  the  bulb  was  put 
50  to  100  mg  of  the  preparation  and  the  necessary  amount  of  water. 

The  specific  heat  measured  was  converted  either  for  grams  of  dry  weight 
or  the  partial  specific  heat  of  tha  water  In  solution  was  coaqmitad. 
Accuracy  In  determining  the  specific  heat  and  malting  points  ensures 
that  the  quantity  of  bound  water  will  be  found  to  an  accuracy  of  up 
to  1  mg  in  800  mg  of  the  total  amount  of  water.  A  previous  article  [36] 
describes  the  calorimeter  design,  the  method  of  processing  the  data, 
and  the  computation  of  corrections  in  great  detail. 
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Fig.  2.  Temperature 
Dependence  of  S pacific 
Heat  of  1  gran  of  Pro- 
col  lagan  in  Presanca 
of  Diffarenfc  Amounts 
of  Hater  <0,  0.35, 
0.64,  0.93,  1.26,  and 
2.00  gran) 


Aa  is  evi- 
dant  from  tha  fig- 
uras  tha  addition 
of  water  up  to  a 
car  tain  Unit  lasda 
to  a  cartain  absorp¬ 
tion  of  hast  in  the 
0°C  rag ion.  Con¬ 
sequently  all  tha 
water  addad  pasaaa 
ovar  into  a  stata 
which  doaa  not 
fraasa  on  cooling 
nor  become  fluid 
on  aubaa quant  heat¬ 
ing;  in  other  words, 
it  is  in  a  bound 
state  or,  aore  ex¬ 
actly,  In  an  ordered 
stata. 


Only  when 

water  is  added  in  an 


Fig.  1. 


of  1 


of 


amount  of  more  than 

0.5  gran  par  gran  of  dry  weight  of  DNA  and 
and  0.3  gran  par  dry  weight  of  procollagen 
does  a  hunp  of  heat  absorption  occur,  indi¬ 
cating  that  there  are  already  H  bonds  in  the 
wetar  which  are  capable  of  being  frosen  or 
unfrosen  by  a  change  in  temperature.  Tha 
observed  heat  absorption  is,  however,  con¬ 
siderably  diffuse  with  respect  to  temperature  and  shifted  from  0°C 
towards  low  temperatures.  This  indicates  that  the  water  which  freezes 
and  consequently  is  free,  undergoes  a  severe  effect  of  nacronolecule 
chergeo. 


Temperature  Da- 
of  Specific  Heat 
gran  of  DNA  in  Pres- 
of  Different  Amounts 
Hater  (0.05,  0.75,  1.00, 
and  2.00  grnu) 


With  increase  in  the  anmait  of  water  the  heat  absorption  hunp 
develops  into  a  peek  and  is  displaced  toward  0°C,  which  indicates  the 
occurrence  of  layers  of  water  which  are  under  less  Influence  fron 
nacronolecules . 

It  is  noteworthy  that  the  shape  of  the  water  as 1 ting  curve  is  di¬ 
rectly  dependent  on  the  nature  of  the  aecronolscule.  As  Fig.  3  shows, 
thermal  absorption  In  the  case  of  globular  proteins  is  spread  over  a 
considerably  narrower  temperature  range  than  in  the  ease  of  fibrillary 
procollagen,  la  solutions  of  DNA,  however,  uniting  begins  at  even  lower 
temperatures.  This  effect  is  apparently  conditioned  by  the  extent  of 
contacts  between  nacronolecules  end  water,  the  charge  concentration  on 
the  nacronolecule  swrfaeee,  end  the  else  of  the  individual  charges  (in 


particular  In  the  case  of  DNA,  malting  In  tha  -25°C  la,  aa  evident,  con¬ 
nected  with  the  exlatence  of  phoaphate  charge a. 

With  raapect  to  the  heat  of  malting  or  to  obaervabla  area  of  tha 
poak  tha  amount  of  water  in  tha  aolutlon  which  melta  when  tha  aolutlon 
thawe,  and  consequently  also  tha  amount  of  bound  water  may  be  calculated 
end  the  effect  of  the  macromoleculea  on  the  water  estimated. 

Table  I  gives  the  results  of  this  sort  of  computation  for  differ¬ 
ent  macromoleculea 


Table  1.  Macromolecule  Hydration 


l  CA) 

fwmw 

CW*'5SS> 

Cfr) 

GMurap 

u> 

TniMM 
nvtrnrmro 
CM,  A 

(Si-. 

Cf) 

>  , 

■  t  • 

*  tfttoro  MM 

(g)  AHK 

0,M0  • 

'{  11.88 

.  4.0 

0,35 

cmoAHteyiM  (17)  y7) 

(Hares 


- * 

<w 


0,330 


0,323 

0,324 


j  3,40 

i.  . 


'  2,05 


■;  2,00 

2,07 


2,8 


3,2 


3,4 

3,8 


0,35 
0,30 
'0,38  . 

0,30  / 
0,37  0,M 
0,34  • 
0,240 

0,30 

0,18 

0,55 
0,35 
0,22 
n  an 


(111 

norcpMU  centum  (35 j. 


W,  IV# 

yATptMyi  (13)  _  (iHy 

XNMWKTtxnecSJni 

m«  (31 1  •.  PW; 

yjATpusyK  I13f  W/,  ' 

ptnwiiorpse  (131  fd) 
pcKmnorpae  |I4|  (0) 
INMtiniWvCdlffl  •  imivhhO||  J 
Ml  l»l  v  L  ' 

SSSZlft*  <i’> 
vzsiss^w " 

pterrmoiyO  |1S|  (() 
saMorrpnecKM  nocrora* ,  . 
m  (32)  W 


Kay:  (a)  Preparation,  (b)  Hydration  calorlmetrlcally  determined,  ratio 
of  grama  of  H2<>  to  grams  of  dry  weight  *0.005,  (c)  Stabilisation,  ratle 
of  moles  of  H-0  to  moles  of  the  group,  ?d)  Thickness  of  hydrated  layer, 

X,  (a,)  Hydration  (according  to  data  In  literature),  ratio  of  grama  of 
^2°  to  trams  of  dry  weight,  (f)  Method,  (g)  DNA,  (h)  ftrocollagen, 

(1)  Serum  albumin,  (j)  Egg  albumen,  (k)  Hemoglobin,  (jy  Autodlf fusion, 

(W)  Wetting  heat  of  gelatin,  (1)  Sorption  Isotherms,  (m)  Ultrasound, 

(n)  Dielectric  constant,  (o)  Roentgenogram,  (p)  Electrical  conductivity. 

The  second  column  gives  the  necromolecule  hydration  values  In  grams 
of  water  per  gram  of  dry  weight)  the  third  column,  the  number  of  mole* 
of  hound  water  per  mole  of  tha  monomer  group)  the  fourth  column,  the 
thleknees  of  the  hydrate  layer  computed  from  the  hydration  found  and 
the  geometric  parameters  of  the  mocromoleoulee  under  the  assumption  that 
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the  hydrate  layer  it  compact  and  evenly  covert  the  whole  turface  of 
the  nacrowolecule  (which  it  merely  an  aeeumptlon  giving  a  rough  figure 
for  a  aimpllfled  nodal  of  the  atructured  water  betide  the  mecromoleculee)i 
and  the  two  final  eoluane  give  the  hydration  valuea  derived  by  varioua 
nethodt  with  the  eorretpondlng  tourcet  indicated. 

He  tee  that  mecroamleculee  actually  to  a  considerable  degree  order 
the  water  betide  theaaelvea,  but  thia,  of  course,  it  the  total  effect  en¬ 
gendered  by  the  action  of  different  nechanlana  —  ion a  binding  the  water 
molecules  [36],  polar  groupa  forming  H  bond a  with  them  [28.  29.  35], 
and,  finally,  apolar  groupa.  From  the  adduced  data  it  mutt  not  be  in¬ 
ferred  that  a  certain  component  haa  made  a  Contribution,  nor  even  leaa 
nuet  anything  be  aaid  about  the  modele  of  Kaucmerm  or  Klott  —  l.e. , 
which  of  them  reflect a  tha  real  situation.*  An  attempt  nay  alao  be  made 
to  derive  acme  information  about  thia  by  atudylng  the  change  in  hydration 
during  denatwration  of  the  necrenoleculee. 

Hydration  of  Denatured  Hacronoleculea 

Aval 1- 
able  expert - 
mental  data 
on  the  denatu- 
ration  change 
in  macromola- 
cule  hydration 
are  even  more 
conflicting 
than  the  estl- 
matea  of  hydra¬ 
tion  itaelf. 

Some 

authora  find 
that  in  dena¬ 
ture  t  ion  the 
hydration  ia 

Fig.  3.  Temperature  De-  Fig.  4.  Temperature  De-  reduced  [29, 

pendence  of  Partial  Spe-  pend once  of  Partial  Spe-  37-40].  Soma 

dfic  Heat  of  Hater  in  dflc  Heat  of  Hater  in  believe  that 

Macromolecule  Solutlona  Solution  of  Native  and  hydration  ia 

with  Concentration  of  Denatured  DMA.  Solution  atepped  up 

2  gram  of  Hater  per  Oram  contain*  4  gram  of  Hater  during  dena- 

of  Dry  Height.  per  Oram  of  Dry  Height.  turation  [41, 

42] {  other a 

Incline  to  the  opinion  that  the  denatwration  changea  in  hydration  are 
extremely  inalgnlficant  [26,  29,  43],  but  that  the  effeete  observed  are 
only  artifacta.  Tbua,  meaaur ament  of  the  abaorptlon  line  obaerved  by 


NHR  in  DNA  solutions  when  the  tetspersture  rises  Is  caused  not  by  the 
change  In  water  structure,  but  merely  by  the  occurrence  of  air  bubbles  [2b]. 

Taking  Into  consideration  the  high  sensitivity  of  the  calorimetric 
method  of  determining  hydration  It  was  possible  to  expect  that  it  would 
give  more  reliable  Information  on  tha  given  problem. 


Figures  4,  5,  and  6  give  the  curves  of  water  melting  in  solutions 
of  native  and  denatured  macromolecules.  As  Is  apparent,  very  essential 
changes  In  distribution  of  charges  and  water  contact  with  the  macromole¬ 
cule  surface  occur.  The  impression  is  produced  that  some  of  the  ions 
pass  from  tha  macromolecules  Into  tha  solution  and  reduce  its  melting 
temperature.  In  the  case  of  DNA  solutions  other  authors,  proceeding 
from  a  study  of  the  change  in  electrical  properties  of  the  solutions, 
have  come  to  the  same  conclusion  that  dcnaturatlon  is  accompanied  by  a 
restructuring  of  the  Ionic  atmosphere  (a.g.,  saa  [44,  45]). 


Fig.  3.  Temperature  De¬ 
pendence  of  Partial  Spe¬ 
cific  Heat  of  Hater  In 
Solution  of  Native  and 
Denatured  Procollagen 
(2  gram  of  water  per 
gram  of  dry  weight) 


Fig.  6.  Temperature  De¬ 
pendence  of  Partial  Spe¬ 
cific  Heat  of  Water  in 
Solution  of  Native  and 
Denatured  Egg  Albumin 
(3  gram  of  water  per 
gram  of  dry  weight) 


In  ad¬ 
dition  tu  the 
change  in 
shape  of  the 
melting  curves, 
however,  their 
area  also 
changes,  and 
hence  also 
hydration. 

The  re¬ 
sults  of 
calorimetric 
determination 
of  hydration 
in  native  and 
denatured 
preparations 
are  summarised 
In  Table  II. 

As  the 
table  shows, 
a  certain  rise 
In  hydration 


*It  must  be  noted  that  the  hydration  indexes  of  the  globular 
proteins  which  we  determined  are  very  close  to  the  values  obtained  by 
Fisher  [46]  proceeding  from  the  assumption  that  only  polar  groups  of 
amino  adds  are  found  on  the  macromolecule  surface.  This  coincidence 
of  experimental  with  theoretical  findings  undoubtedly  serves  as  a  weighty 
argument  in  favor  of  the  assumption  that  hydration  In  the  native  protein 
proceeds  basically  at  the  expense  of  reaction  of  water  with  polar  groups. 


7 


Is  observed  in  all  cases,  but  this  change  is  actually  very  email 


Table.  XX.  Hydration  of  Ha  rooolr.  *ulea  in 


Hatlve  and  Denatured  i 

Mate 

.(b) 

IWitiwi 

(H) 

*  {  - 

(0  ^ju5+o?S  lu&a  (i/9 

1  fffir^Msrm  +  0,15*  mnysnu*  6y*p 

+  A/fcpmwdi  Oy+ep. 

n  pH  10,0  (1/9 

■  yH  10  (1/9 

0,611 

0,620 

0,485 
0,465  , 
0,315 
0,323 

0,322 
0,324  ' 

0.836 

0,645 

0,564 

0,402 

0,510 

0,330 

0,332 

0,333 

0,330 

0,345 

Certain  consider* 
at ions  nay  be  expressed 
to  explain  such  a  snail 
degree  of  effect. 

First,  ordering 
by  apolar  groups  is  not  the 
unique  and  possible  not 
even  the  nain  factor  act* 
ing  upon  the  water.  There* 
fore,  although  the  ordering 
effect  in  denaturation 
substantially  rises,  the 
relative  change  in  total 
hydration  is  not  great. 


Kay:  (a)  Preparation,  (b)  Hydration  of 
native  preparations,  (c)  Hydration  of  de¬ 
natured  preparations,  (d)  DMA  ♦  water  (k), 
(e)  DMA  ♦  0.15  H  NaCl  (1/S),  (f)  Procolla¬ 
gen  ♦  0.15  M  ci?rate  buffer  (1/3),  (g)  Pro- 
'  collagen  ♦  water  (%),  (h)  Serun  albumin  ♦ 

♦  water  (1/3),  (I)  Kgg  albunin  ♦  water 
(1/3),  (j)  Kgg  albunin  ♦  0.15  borate  buf¬ 
fer,  pH  10.0  (1/3),  (k)  Hewoglobin  ♦ 
water  (1/3),  (1)  Hewoglobin  ♦  0.15  N 
borete  buffer  pH  10  (1/3)  “ 


Second,  in  denatu¬ 
ration  there  is  far  frow 
a  hundred-percent  change 
in  thi  number  of  bonds  in 
the  macrocnolecule.  In 
particular,  in  the  case 
of  the  globular  proteins 
it  has  hitherto  been 
doubtful  whether  denatu¬ 
ration  nay  be  regarded 
as  the  transition  of  a 
dense  conpact  formation 


into  a  loose  chaotic  coil 

entirely  impregnated  with  water.  Xt  la  very  improbable  that  water  cam- 
pletely  penetrates  the  hydrophobic  environment  and  cornea  into  contact 
with  the  apolar  groups. 


There  is  also  a  third  reason  which  must  undoubtedly  have  greatly 
lowered  the  denaturation  effect  calorlnetrlcally  recorded  --  since  hydra¬ 
tion  is  determined  at  a  temperature  below  the  denaturation  tenperatura 
(0°C)  a  partial  "collapse"  of  the  structure  must  occur,  but  this  col¬ 
lapse  does  not  always  mean  "denaturation"  in  the  sense  of  complete  res¬ 
toration  of  conformation.  Tha  aggregation  of  macromolecules  also  possibly 
makes  a  contribution  to  reducing  the  effect. 

Xn  one  way  or  another  the  above  findings  undoubtedly  indicate  that 
the  hydration  of  me  cr onolecules  actually  changes  in  denaturation,  while 
this  change  la  always  positive  —  the  hydration  of  denatured  nacromole- 
eulee  la  always  greater  than  that  of  native  ones.  This  experimental 
fact  first  unquestionably  serves  as  a  corroboration  of  Kausmsnn's  model, 
and  asoond  draws  our  attention  to  the  close  interconnection  between 
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macromolecule  conformation  and  the  state  of  the  water  In  the  layers  con¬ 
tiguous  to  it.  This  situation  ia  usually  either  neglected  or  simply 
lost  from  sight  when  examining  the  conformation  transformations  of  macro- 
molaculas  in  water  —  which  is  hardly  to  be  tolerated. 

Conclusions 


1.  The  question  of  the  reciprocal  influence  of  macromolecules 
and  the  water  layers  adjacent  to  them  la  examined.  The  Kauzman  and 
Klotz  models  are  compared. 

2.  Experimental 'findings  on  macromolecule  hydration  celorlmetrically 
obtained  are  cited. 

f 

3.  The  dena duration  change  of  hydration  is  studied.  It  is  demon¬ 
strated  that  hydration  of  denatured  macromolecules  is  greater  than  hy¬ 
dration  of  native  molecules,  which  speaks  in  favor  of  Kauzmann's  model. 
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